Purpose. The purpose of this study was to assess the expression of pentose phosphate pathway-(PPP-) related proteins and their significance in clinicopathologic factors of breast cancer. Methods. Immunohistochemical staining for PPP-related proteins (glucose-6-phosphate dehydrogenase [G6PDH], 6-phosphogluconolactonase [6PGL], 6-phosphogluconate dehydrogenase [6PGDH], and nuclear factor-erythroid 2-related factor 2 [NRF2]) was performed using tissue microarray (TMA) of 348 breast cancers. mRNA levels of these markers in publicly available data from the Cancer Genome Atlas project and Kaplan-Meier plotters were analyzed. Results. Expression of G6PDH and 6PGL was higher in HER-2 type (p < 0 001 and p = 0 009, resp.) and lower in luminal A type. 6PGDH expression was detected only in TNBC subtype (p < 0 001). G6PDH positivity was associated with ER negativity (p = 0 001), PR negativity (p = 0 001), and HER-2 positivity (p < 0 001), whereas 6PGL positivity was associated with higher T stage (p = 0 004). The 562 expression profile from the TCGA database revealed increased expression of G6PDH and 6PG in the tumor compared with normal adjacent breast tissue. The expression of G6PDH was highest in HER-2 type. HER-2 and basal-like subtypes showed higher expression of 6PGDH than luminal types. Conclusion. PPP-related proteins are differentially expressed in breast cancer according to molecular subtype, and higher expression of G6PDH and 6PGL was noted in HER-2 subtype.
Introduction
The pentose phosphate pathway (PPP) is a major glucose catabolic pathway parallel to glycolysis that is responsible for synthesis of the nucleotide precursor ribose and nicotinamide adenine dinucleotide phosphate (NADPH) required for glucose metabolism. The PPP consists of an oxidative branch and a nonoxidative branch. Glucose-6-phosphate dehydrogenase (G6PDH), 6-phosphogluconolactonase (6PGL), and 6-phosphogluconate dehydrogenase (6PGDH) are major proteins involved in the synthesis of NADPH and ribonucleotide through the oxidative branch. The PPP provides pentose phosphate required for nucleic acid synthesis in rapidly growing cells. In cancers, the PPP supplies not only pentose phosphate but also NADPH, which is important for lipid synthesis and cell survival under stressful circumstances. Thus, the importance of the PPP is highlighted in rapidly growing cancer cells, and previous studies have reported that the expression of PPP-related enzymes is increased in human cancer tissues [1] [2] [3] .
As breast cancer is a heterogeneous disease in terms of clinical, histologic, and molecular genetic aspects, a lot of effort has focused on classifying the disease into subgroups with similar characteristics. The molecular genetic subtypes of luminal A, luminal B, HER-2, and normal breast-like and basal-like type were identified by gene profiling analysis [4] [5] [6] . Separately, breast cancers with a combined negative expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER-2), which has therapeutic implications, are classified as triple-negative breast cancer (TNBC) [7] . This intrinsic heterogeneity in the molecular genetics of breast cancer gives rise to heterogeneity in histology, clinical features, treatment response, and prognosis as well as metabolic features. Previous studies have reported increased expression of glycolysis-related proteins GLUT-1 and CAIX in the basal-like type and TNBC [8, 9] and increased expression of glutaminolysis-related proteins in the HER-2 type [10] , suggesting a relationship between metabolism and molecular subtypes of breast cancer. However, there are a limited number of studies on the expression of pentose phosphate pathway-related proteins in breast cancer. The objective of this study was to assess the expression of pentose phosphate pathway-related proteins according to breast cancer molecular subtype and their biological and clinical implications.
Materials and Methods

Patient Selection and Histologic Evaluation.
Breast cancer tissues were obtained form 348 patients, who were diagnosed as invasive ductal carcinoma not otherwise specified and had undergone mastectomy at Severance Hospital (Seoul, Republic of Korea) during the period of January 2001 to December 2006. This study group is selected form previously published study population [11] . Exclusion criteria were preoperative chemotherapy or hormonal therapy.
This study was approved by the Institutional Review Board of Yonsei University Severance Hospital. The IRB waived the need for informed consent from patients. Breast pathologist (Ja Seung, Koo) reviewed the histologic features by using hematoxylin & eosin-(H&E-) stained slides for all cases. Histologic grade was assessed using the Nottingham grading system [12] . Clinicopathologic parameters including patient age at initial diagnosis, lymph node metastasis, tumor recurrence, distant metastasis, were retrieved from electronic medical records of each case.
Tissue Microarray.
A TMA construct of 3 mm diameter cores was generated from the 10% neutrally buffered formalin-fixed, paraffin-embedded tissue blocks of radical prostatectomy specimens using a tissue microarrayer. Two representative cores from different cancer areas were included for each case. Each tissue core was assigned a unique tissue microarray location number that was linked to a database containing deidentified clinicopathologic data.
2.3. Immunohistochemistry. Antibodies used for immunohistochemistry are summarized in Table 1 . Briefly, representative paraffin blocks were cut consecutively at 4 μm thickness, and sections were deparaffinized in xylene and treated with 0.3% hydrogen peroxide in methanol for 20 minutes to block any endogenous peroxidase activity. Citrate buffer was used for antigen retrieval. Nonspecific binding was limited by using protein blocking buffer for 10 minutes. The sections were washed in phosphate-buffered saline and then incubated with the primary antibody for 20 minutes at room temperature. The samples were then incubated in secondary antibody (biotinylated) for 10 minutes, followed by incubation with streptavidin-horseradish peroxidase for 10 minutes, and exposed to diaminobenzidine, which was used as a chromogen. All labeled streptavidinbiotin-horseradish peroxidase system chemicals were obtained from Dako Cytomation Corp. (Carpinteria, CA, USA). Counterstaining was performed with Mayer's hematoxylin. Negative controls were treated similarly with the exception of incubation with the primary antibody (nonspecific staining control).
Interpretation of Immunohistochemical Staining.
All immunohistochemical markers were evaluated twice by two independent investigators blinded to the clinical details. Cutoff value of 1% or more positively stained nuclei was employed to define ER and PR positivity [13] . HER-2 status was analyzed according to the American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guidelines using the following categories: 0 = no immunostaining; 1+ = weak incomplete membranous staining, less than 10% of tumor cells; 2+ = complete membranous staining, either uniform or weak in at least 10% of tumor cells; and 3+ = uniform intense membranous staining in at least 30% of tumor cells [14] . HER-2 immunostaining was considered positive when strong (3+) membranous staining was observed, whereas cases with 0 to 1+ staining were counted as negative. Cases showing 2+ HER-2 expression were further evaluated for HER-2 amplification by fluorescent in situ hybridization (FISH).
Immunohistochemical markers for G6PDH, 6PGL, 6PGDH, and NRF2 were assessed by a semiquantitative evaluation method as follows [15] : 0: negative or weak immunostaining in <1% of the tumor; 1: focal expression in 1-10% of the tumor; 2: positive in 11%-50% of the tumor; and 3: positive in 51%-100% of the tumor. The evaluation was 
Results
Basal Characteristics of Breast Cancer.
The 348 subjects of this study comprised 162 luminal A (46.6%), 84 luminal B (24.1), 27 HER-2 type (7.6%), and 75 TNBC (21.6%) subtypes. TNBC showed higher histologic grade (p < 0 001) and higher Ki-67 LI (p < 0 001) ( Table 2 ). 
Expression of Pentose Phosphate Pathway-Related
Proteins in Breast Cancer. The expression of pentose phosphate pathway-related proteins was assessed according to the molecular subtypes of breast cancer (Figure 1) . Expression of G6PDH (p < 0 001), 6PGL (p = 0 009), and 6PGDH (p < 0 001) was identified; G6PDH and 6PGL showed higher expression in the HER-2 type and lower expression in luminal A type. Expression of 6PGDH was detected only in the TNBC subtype (Table 3 ).
Correlation between Expression of Pentose Phosphate Pathway-Related Proteins and Clinicopathologic Factors.
The expression of pentose phosphate pathway-related proteins and clinicopathologic parameters was assessed ( Figure 2 ). G6PDG positivity was associated with ER negativity (p = 0 001), PR negativity (p = 0 001), and HER-2 positivity (p < 0 001), and 6PGL positivity was associated with higher T stage (p = 0 004).
The Impact of Expression of Pentose Phosphate PathwayRelated Proteins on Patient
Prognosis. Univariate analysis of patient survival did not show statistically significant differences with regard to expression of pentose phosphate pathway-related proteins (Table 4) .
Validation of Expression of PPP-Related Markers in a
Public Database. A total of 526 cases were retrieved from the TCGA study. After normalization, the mRNA level of each marker was assessed. G6PDH expression was generally increased in the tumor compared with normal adjacent breast tissue, and expression was highest in the HER-2 type compared with other types. 6PGL expression was generally increased in tumors compared with adjacent normal cells; however, differential expression among tumor subtypes was not identified. Higher 6PGDH expression compared to normal tissue was noted in HER-2 and basal-like groups. The HER-2 type and basal-like subtype showed higher expression of 6PGDH than luminal types of tumor. Finally, the expression level of NRF2 was decreased in all tumor subtypes compared with normal tissue. Univariate analysis of patient survival with regard to expression of G6PDG, 6PGL, 6PGDH, and NRF2 did not show statistical significance although there was a tendency toward longer overall survival with lower expression of 6PGL and NRF2 in luminal B subtype (p = 0 1092 and p = 0 065, Figure 3(b) ). In the cohort of the Kaplan-Meier plotter, high expression of G6PD was generally related to longer overall survival and recurrence-free survival (Figure 3(c) ).
Discussion
Malignant tumors generally show a rapid growth rate and invasive traits, which require metabolic remodeling of cancer cells and stromal cells. As such, the pentose phosphate pathway is an indispensable metabolic pathway in malignant tumors because of the demand for a high rate of nucleic acid synthesis during growth and the NADPH necessary for cell survival during oncogenic cellular stress. In addition, reactive oxygen species resulting from the rapidly increased metabolism may trigger mutation of protooncogenes and promote protumorigenic signaling, all of which aggravate oxidative stress in cancer cells. Thus, a mechanism for activating the oxidative PPP is expected to be present in cancer cells for maintenance of a high enough level of NADPH. It is possible that an AMPK-dependent mechanism also exists given that oxidative PPP is dependent on glucose availability.
We assessed the expression of PPP-related proteins in TMAs of human breast cancer tissues and a TCGA data set and both analyses revealed higher expression in HER-2 type cancers and lower expression in luminal type cancers. A previous study revealed activation of the PPP in breast carcinoma cells compared with normal breast tissue [18, 19] ; this was confirmed in an analysis of the TCGA data set, which showed increased expression of PPP-related markers in breast cancer tissue compared with normal control.
There are few studies on activation of the PPP in breast cancer. Previous studies on human breast cancer tissue revealed differential expression of proteins related to glycolysis, glutamine metabolism, lipid metabolism, and serine/glycerine metabolism according to molecular subtype [9, 10, [20] [21] [22] , suggesting unique metabolic properties of each subtype. Generally, subtypes with a high proliferation rate and aggressive biological behaviors, such as HER-2 or TNBC types, show increased expression of metabolic factors [9, 10, [20] [21] [22] , and comparable results were obtained in this study. A potential mechanism for higher expression of PPP markers in the HER-2 type is the relationship of HER-2 with NRF2. A previous study reported association between NRF2 and HER-2 in the ErbB2/HER-2-positive breast cancer cell line BT-474 [23] , with knockdown of NRF2 leading to repression of HER-2 expression. As NRF2 is the key molecule that coordinates the PPP and is known to have a regulatory role in cancer [24] , crosstalk between HER-2 and the PPP mediated by NRF2 may exist. A second mechanism involves the fatty acid synthesis pathway in HER-2 type cancer. TP53-mutated breast cancer shows upregulation of PGD, TK, and ribose 5-phosphate isomerase A [25] . Previous studies reported that a high level of transketolase 1 was correlated with HER-2/neu overexpression [26] and that HER-2 overexpression increases the translation of fatty acid synthase and vice versa [27, 28] . Given that NADPH plays a major role in fatty acid synthesis by fatty acid synthase, HER-2 overexpressing tumor cells may use the PPP as a source of NADPH. It is noticeable that resistance to anti-HER-2 therapy can be overcome by blockade of the fatty acid synthesis pathway. Thus, understanding metabolic reprogramming in terms of the PPP seems clinically relevant.
G6PDH is the rate-limiting enzyme in the PPP and is also highlighted in this study of breast cancer. G6PDH reflects oxidative PPP and the equilibrium between glycolysis and the PPP. p53 is a well-known regulator of the PPP through inhibition of the dimerization and activation of G6PDH n/a n/a Negative 343/32/35 n/a n/a Positive 5/0/0 n/a n/a NRF2 n/a n/a Negative 311/32/35 n/a n/a Positive 37/0/0 n/a n/a Higher expression of G6PDH is associated with longer overall survival (left) and disease metastasis-free survival (right) in a Kaplan-Meier plotter cohort. [29] . This study revealed a difference in the expression of G6PDH among subtypes of breast cancer, and analysis of the TCGA data showed relatively increased G6PDH levels in all subtypes of breast tumor compared with normal breast tissue. Given that expression and activation of G6PDH in cells are tightly regulated, the increased expression of G6PDH in breast cancers may reflect general activation of the PPP. Interestingly, increased expression of G6PDH was most prominent in HER-2 type breast cancers, indicating transcriptionally regulated expression of G6PDH in this specific type of breast cancer. The role of NRF2 in tumorigenesis is a subject of debate as activation of NRF2 shows both a tumor suppressor role and oncogenic roles [30] . The NRF2 level was downregulated in all types of breast cancers in the TCGA dataset, suggesting a possible role of NRF2 as a tumor suppressor in breast cancer. However, it is also possible that the result of RNA sequencing may not reflect actual activity of NRF2 in cells due to posttranslational regulation by ubiquitination and degradation.
The clinical implication of this study is the identification of the PPP protein as a potential therapeutic target. Previous studies reported that inhibition of PPP proteins resulted in growth inhibition and cell death in leukemia [31] , ovary cancer [32] , urinary bladder cancer [33] , and breast cancer/prostate cancer [34] , suggesting that modulation of this pathway may have therapeutic potential in the treatment of cancer.
In conclusion, PPP-related proteins are differentially expressed according to the molecular subtype of breast cancer; in particular, G6PDH and 6PGL are highly expressed in HER-2 type breast cancer. Thus, understanding of the role of this pathway in breast cancers and further studies on the effects of targeting this pathway are needed to clarify the clinical implications of PPP in breast cancers.
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